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Photoelectric current as a highly sensitive readout
for potentiometric sensors†

Xu Hun,‡a Xiaoli Xiong,‡ab Jiawang Ding*bcd and Wei Qin *bcd

We report here a general strategy to read out potentiometric signals

via a photoelectrochemical method. The photocurrent at a working

electrode coated with a ZnSe/r-GO composite can be modulated

by a polymeric membrane ion-selective electrode that works as a

reference electrode.

Potentiometric sensors based on ion-selective electrodes (ISEs)
are widely applied in clinical diagnostics, industrial analysis,
and environmental monitoring.1,2 Their potentiometric responses
ideally obey the Nernst equation, which predicts a relatively poor
sensitivity for a small ion activity variation. With the introduction
of alternative sensing concepts, new ion-selective readout strategies
based on chronopotentials,3 coulometric charges,4 voltammetric
currents,5 and transition times6 have been designed.

In recent years, optical ion sensing platforms have also been
reported based on potential-modulated signals. Previous studies
by Bakker’s group demonstrated electrogenerated chemilumines-
cence (ECL) to be a promising readout for potentiometric ion
sensors.7 Both potentiometric and chronopotentiometric signals
can be converted to an ECL readout.8,9 To simplify the experi-
mental setup, a light emitting diode (LED) was selected as a signal

reporter for field-effect transistors and ISEs.10 As an alternative,
we designed ion sensing platforms by converting potentiometric
signals to a colorimetric readout through the potential-modulated
release of enzyme, which could increase the detection sensitivity
due to the enzyme amplification effect.11 A colorimetric readout
can also be obtained by the turnover of a redox indicator in
a thin layer using a closed bipolar electrode.12 Recently,
Maksymiuk et al. proposed an approach based on a self-
feeding bipolar electrode system for reading the potential
response of ISEs with fluorescence.13 While these methods are
sensitive to and selective for ion detection, new transduction
schemes with simple operation, high sensitivity and integrated
platforms are still needed.

Photoelectrochemical (PEC) analysis has attracted consider-
able attention as a newly developed and promising analytical
technique.14–16 As an evolutionary generation of electro-
chemistry, the PEC technique is greatly different from the
traditional electrochemical methods and offers some merits
that could not be realized from the latter.17,18 In the PEC
method, the photoactive material is excited by a light source
and the output signal is in the form of current. The light source
and detection signal are completely separated and in different
energy forms. Therefore, compared with traditional electro-
chemical methods, PEC analysis has a higher sensitivity
because of its reduced background signals.19,20 Also, different
from classical potentiometry, amperometric methods can
measure the current at the pA level.5 Moreover, compared with
optical techniques that necessitate complicated and expensive
equipment, the utilization of an electronic readout makes the
PEC instrumentation simpler, cheaper, and easier to miniaturize.
Thus, photoelectrochemical current can be a good option for
reading the potentiometric response of ISEs.

Herein, a new strategy is proposed to convert potentiometric
signals to PEC readouts. Due to the wide direct band gap
(2.7 eV) and its transparency over a wide range of the visible
spectrum, zinc selenide (ZnSe) was selected as the photoactive
material. Moreover, ZnSe was attached onto reduced graphene
oxide (r-GO) to depress electron–hole recombination and
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improve the photocurrent density by making use of the syner-
gistic effect of ZnSe and r-GO. For the PEC technique, the
current density generally increases exponentially with a
potential change, which works in a similar way to the Schottky
diode.21 Accordingly, sufficiently large currents are expected
when a small potential change occurs on the working electrode
during PEC measurements. Since the ISE can be used as the
reference electrode to modulate the working electrode
potential,7,8,11 in principle, a small potential variation can be
converted to an obvious change in the photocurrent output.
As a proof of concept experiment, a solid-contact ISE for the
detection of calcium ions in seawater was prepared and used as
a reference electrode for the PEC measurement system.

The PEC sensing platform for reading the potentiometric
response of an ISE is shown in Scheme 1. In this setup, a gold
electrode (with a diameter of 5 mm) modified with a ZnSe/r-GO
thin film serves as the working electrode (WE) for producing
the photocurrent output. A polymeric membrane ISE is used
not only as a potentiometric sensor for ion activities in the
sample, but also as a reference electrode (RE) for the sensing
platform. During the measurements, a constant potential is
applied between the WE and RE, so that the potential of the WE
can be modulated by the ISEs. Under visible light illumination,
electrons from the valence band (VB) of ZnSe jump to the
conduction band (CB) and dissociate into holes (h+) and free
electrons (e�), respectively. The transfer of the electrons to
the electrode gives rise to a photocurrent. Because of the lower
Fermi energy level of r-GO, the direct transfer of photogene-
rated electrons from the CB of ZnSe to r-GO occurs, resulting in
a high and stable photocurrent. The photocurrent increases
as the working electrode potentials increase and generates
more photogenerated electrons.22 According to the theoretical
model, we derived an expression for the photocurrent (see the
ESI† for details). The ion activity changes in the sample
solution can be converted to photocurrent (Ipc) as described
as follows:

Ipc ¼ k� k0A Bþk00 log ax½ �
1
2

where k, k0, k00, A and B can be constants.

The ZnSe/r-GO composite was prepared by a facile hydro-
thermal process. The morphologies of the synthesized compo-
sites were characterized by transmission electron microscopy
(TEM) images. As shown in Fig. 1A, the particles of ZnSe were
wrapped on the surfaces of r-GO sheets (The TEM images of the
r-GO sheet and ZnSe are shown in Fig. S1A and B, ESI†). The
energy-dispersive spectroscopy (EDS) spectrum (Fig. S1C, ESI†)
shows that the ZnSe/r-GO composite contains only C, Zn and
Se, further revealing that ZnSe is adhered to the surface of r-GO.
The X-ray diffraction (XRD) patterns of ZnSe/r-GO were also
recorded (Fig. 1B and Fig. S1D, ESI†). The positions of the
diffraction peaks of ZnG-1, 2, 3, 4, and 5 (the composites with
the additions of 10, 20, 30, 40, and 50 mg of GO, denoted as
ZnG-1, 2, 3, 4, and 5, respectively) are the same as those
of pristine ZnSe without any impurity peaks, indicating that
ZnG-1, 2, 3, 4, and 5 were successfully prepared. In addition,
the Raman spectrum shows that the characteristic peaks (D and
G bands) of the graphitic material appear at 1339 cm�1 and
1605 cm�1, respectively (Fig. S1E, ESI†).23 The maximum inten-
sity ratio of the D band and G band is 1.52 for ZnG-3, which
confirms the efficient reduction of GO (Fig. S1F, ESI†).

The PEC performance of different electrodes under white
light illumination was investigated. As presented in Fig. 1C,
r-GO/GE displays a negative photocurrent, which is due to its
p-type conductivity.24 The introduction of r-GO could effectively
suppress electron hole pairs and improve the photo-induced
carriers’ separation efficiency so as to enhance the photo-
current response.25 Indeed, a significantly higher photocurrent
could be observed after introduction of r-GO into the ZnSe.
To obtain the optimal PEC response, the influences of the
content of GO in the ZnSe/r-GO composite, the amount of ZnSe/
r-GO and pH on the photocurrent were investigated. As shown

Scheme 1 Schematic diagram of the PEC sensing platform for reading
the potentiometric response of an ion-selective electrode.

Fig. 1 (A) TEM image of the as-prepared ZnSe/r-GO. (B) XRD patterns of
the as-prepared GO, r-GO, ZnSe, and the ZnG-1, ZnG-2, ZnG-3, ZnG-4
and ZnG-5 composites. (C) Photocurrent responses of GE, r-GO/GE,
ZnSe/GE and ZnG-3/GE. (D) Time traces of the photocurrent responses
of ZnG-1, 2, 3, 4, and 5 composite photoelectrodes at a potential of 0.25 V.
The PEC tests were performed using the Ag/AgCl (3 M KCl) electrode in
0.01 M PBS with a pH of 7.5. A white LED (10 W, 10.0 lm W�1) light was
switched on and off every 10 s.
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in Fig. 1D, the transient photocurrent response increases with
an increase in the content of GO in the ZnSe/r-GO composite
from 10 mg to 30 mg; nevertheless, the PEC response decreases
when the content of GO exceeds 30 mg. This may be ascribed to
the fact that excessive GO in the composites can act as a charge
recombination center rather than an electron acceptor thereby
leading to the light absorption of ZnSe.26 Therefore, the ZnSe/
r-GO composite containing 30 mg of GO was used for the
present work. Furthermore, experiments show that the photo-
current response increases significantly along with an increase
in the amount of ZnSe/r-GO coated on the GE surface (Fig. S2A,
ESI†). The maximum photocurrent can be obtained when the
amount of the ZnSe/r-GO reaches 0.06 mg. Further increasing
the ZnSe/r-GO amount can lead to blocking transmission of
visible light, thereby decreasing the electron transfer rate and
increasing the recombination of the electrons/holes.27 Thus,
0.06 mg of ZnSe/r-GO was used for further experiments. Experi-
ments also reveal that the photocurrent versus potential curve is
linear for different pHs in the range of 6.0–8.0 (Fig. S2B, ESI†).

Fig. 2A and B show that the photocurrent responses of ZnG-3
are enhanced on varying the bias potential from �0.20 to
0.50 V, indicating that the photocurrent depends on the working
electrode potential. A good linear correlation (R2 = 0.999) between
the photocurrent and potential can be obtained in the range
of 0–0.4 V (Fig. 2C). More importantly, the current response is
sensitive to a rather small potential variation (o2 mV) (Fig. 2D
and Fig. S3, ESI†). Therefore, the photocurrent can be modulated
by the potential at the working electrode.

As a proof of concept experiment, the detection of calcium
ions in seawater was investigated. A typical Ca2+-ISE that
demonstrates a near-Nernstian response of 28.1 � 0.9 mV/
decade (n = 3) with a detection limit of 2.0 � 10�6 M (Fig. S4,
ESI†) was designed. The Ca2+-ISE was used as the reference

electrode in the PEC cell, so that a potential change at the
reference electrode alters the resulting working electrode
potential, which leads to a change in the photocurrent output.
As shown in Fig. S5 (ESI†), a near-Nernstian response (�28.3 mV
per decade) was observed for the sensor. The slope is negative
and the sign of the potential is in the reverse direction, which
indicates that the potential at the working electrode of the ZnG-3
composite can be modulated by the potential change at the
Ca2+-ISE. Since the potential difference was about 0.15 V when
the Ag/AgCl (3 M KCl) electrode and the Ca2+-ISE (10�2 M Ca2+)
were used as the reference electrodes, respectively (Fig. S6, ESI†),
0.25 V was selected for further experiments. It should be noted
that a plasmon-enhanced PEC sensing electrode based on
TiO2@Ag@Ag3PO4 is available for monitoring Ca2+.28 However,
the requirement of the calmodulin functionalization may restrict
its wide applications.

It is well known that the change in calcium ion concentration
in seawater is rather small.29 The responses of the ISE were
tested for the activities of calcium varying from 4.2 � 10�3 to
6.1 � 10�3 M. As can be seen from Fig. 3A and B, for potentio-
metric measurements, a ca. 10% change in Ca2+ activity would
correspond to a potential change of only ca. 1.1 mV. For 10�2 M
Ca2+, the relative standard deviation (RSD) was found to be
2.6%. The photoelectrochemical analysis uses the current as
the output signal and measurements can be made at the pA
level, thus it can offer high sensitivity. Indeed, as shown
in Fig. 3C and D, the resulting photocurrent versus activity of
calcium is linear in the range of 4.2 � 10�3–6.1 � 10�3 M and
the correlation coefficient (R2) is 0.997. A 10% change in Ca2+

Fig. 2 (A) Photocurrent responses of the ZnSe/r-GO modified GE elec-
trodes with variable potentials from �0.2 to 0.5 V. (B) Plot of the photo-
current vs. potential. (C) Derived calibration curve with potentials from 0 to
0.4 V. (D) Derived calibration curve with potentials from 0.250 to 0.256 V.
The PEC tests were performed using the Ag/AgCl (3 M KCl) reference
electrode in pH 7.5 PBS (0.01 M). Each error bar represents one standard
deviation of three measurements.

Fig. 3 (A) Time traces of the potential responses of the polymeric
membrane Ca2+-ISEs for detecting various activities of Ca2+ in 10�2 M
NaCl: (a) 4.2 � 10�3, (b) 4.6 � 10�3, (c) 5.1 � 10�3, (d) 5.6 � 10�3, and
(e) 6.1 � 10�3 M. (B) Corresponding calibration curve. (C) Photocurrent
responses of the ZnSe/r-GO modified GE electrodes with variable calcium
activities from 4.2 � 10�3 to 6.1 � 10�3 M. (D) Corresponding calibration
curve. I0 is the photocurrent intensity measured in a 10�2 M NaCl back-
ground solution without calcium, and Ipc is the intensity after the addition
of calcium. The PEC tests were performed with a 0.25 V applied voltage
(vs. Ca2+-ISE). Each error bar represents one standard deviation of three
measurements.
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activity was detectable and the photocurrent difference was up
to hundreds of nA, indicating that the proposed method can
remarkably improve the sensitivity for Ca2+ ion detection.
Compared with the potentiometric method, the RSD was 1.2%
for the detection of 10�2 M Ca2+ by using the photoelectro-
chemical method. Therefore, this proposed method exhibits a
high resolution for the detection of calcium in seawater. More-
over, the PEC sensor demonstrates acceptable stability and repro-
ducibility for the detection of Ca2+ (Fig. S7, ESI†). It should be
noted that the electrolyte environment variations may exert effects
on the physical and chemical processes involved in the generation
of the electrical signal that triggers the PEC signal alterations
(as indicated in Fig. 2 and 3).15

In order to explain the rationality of the results, a theoretical
simulation of photoelectrochemical response was performed
for detecting Ca2+ ions. As shown in Fig. S8 (ESI†), the theore-
tical simulation (parameters used for the simulation are given
in Table S1, ESI†) was almost identical to the experimental
data, indicating that the result was reasonable.

The average concentrations as well as the standard devia-
tions of calcium measurements in real seawater were measured
by using the proposed method, and conventional potentio-
metric ISE and ICP-OES methods (see Table 1). Experiments
reveal that no obvious photocurrent change can be observed in
the presence of high concentrations of NaCl (0.5 M, Fig. S9,
ESI†). For the photoelectric and potentiometric measurements,
the standard addition method was used to detect the amount of
Ca2+ ions in seawater. Table 1 shows that the results obtained
by the proposed photoelectrochemical sensor agree well with
those of the other two reference methods. More importantly,
the proposed method has a high resolution compared with the
traditional potentiometric ISE.

In summary, a general approach to read out potentiometric
signals by a photoelectrochemical method is proposed. This
proposed technique offers several advantages over other methods.
Firstly, in contrast to the conventional Ca-ISE with the Nernstian
response, the present sensor exhibits high sensitivity and can be
used for detection of small variations in ion activity (e.g., electro-
lyte measurements in clinical diagnosis). Secondly, the PEC
technique is simple, integrated and easy to miniaturize. Thirdly,
by changing the ion-selective electrode that serves as a reference
electrode, the proposed method is promising for detecting a
variety of different ions with high sensitivity.
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